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Pool-packaged AAV libraries exhibit 
extensive length-dependent and  
homology-dependent chimerism
 

Jean-Benoît Lalanne    1,2,8  , Chau Huynh1,3,8, John K. Mich    4, 
Avery C. Hunker    4, Troy A. McDiarmid    1,3, Haedong Kim    1,3, Boaz P. Levi    4, 
Jonathan T. Ting    4 & Jay Shendure    1,3,5,6,7 

Adeno-associated viruses (AAVs) are preferred gene therapy vectors because 
of their versatility, durability and safety profile. Here, we demonstrate 
extensive chimerism, manifesting as pervasive barcode swapping, among 
complex recombinant AAV (rAAV) libraries that are packaged as a pool. 
The observed chimerism is length and homology dependent but capsid 
independent, in some cases affecting the majority of packaged rAAV 
genomes. These results have implications for the design and deployment of 
functional rAAV libraries.

Multiplexed functional genomic screens often use linked compo-
nents within a cargo, for example, single-cell CRISPR screens1,2 (sin-
gle guide RNA (sgRNA) and barcode) or massively parallel reporter 
assays (MPRAs; regulatory element and barcode)3. In these, any level 
of decoupling of expected pairings ultimately degrades signal quality. 
A prominent example is the frequent recombination seen in lentiviral 
cargo packaging4,5. Such recombination, which is length and homology 
dependent and results from lowly processive reverse transcription 
and template switching during replication6, stymied early single-cell 
functional genomics efforts using this delivery strategy7.

By contrast, pervasive chimeric rearrangements of recombinant 
adeno-associated virus (rAAV) genetic material during packaging 
have not been described to our knowledge. Yet, recent studies of 
long-read sequenced AAV-packaged DNA have revealed unexpected 
DNA arrangements8,9. In parallel, high levels of noise and limited 
dynamic range are commonly observed in barcoded MPRA experi-
ments using rAAVs10–14. These hint at possible unknown complexities 
during rAAV packaging.

To explicitly test for chimera formation during rAAV packaging, 
we performed barcode swap experiments. Specifically, we constructed 
a series of rAAV libraries harboring a large number of uniquely associ-
ated pairs of barcodes separated by different inserts and flanked by 

AAV2 inverted terminal repeats (ITRs) (Fig. 1a; all plasmids and oligos 
listed in Supplementary Data 1). The six libraries harbored inserts 
of three different lengths (short: ~225 bp, mid-sized: ~800 bp, long: 
~2.1 kb) each with two homology classes (homologous: identical 
sequences, nonhomologous: size-matched to homologous counter-
parts and bearing tagmented, narrowly size-selected Escherichia coli 
genomic DNA; Fig. 1a and Extended Data Figs. 1 and 2). Each insert 
further had a short internal sequence index for downstream demulti-
plexing (Extended Data Fig. 1d). The resulting libraries were complex 
(>5 million barcode pairs in parental library p146, bottlenecked to 
15,000–45,000 pairs in libraries p149–p154). Inserts were size-adjusted 
outside the BC1–BC2 intervening sequence with filler sequences to 
fix the total ITR-to-ITR length to ~2.3 kb for inserts of different sizes 
(Extended Data Fig. 1c; see library p153× below). These libraries were 
then packaged separately into AAV capsids (all with PHP.eB, some with 
AAV2 serotypes, 14 packaging conditions total; Supplementary Data 
2 and Methods).

To assess for chimeras, defined as discordant barcode pairs within a 
single read, we performed long-read sequencing of the barcoded inserts 
(Fig. 1b) using PCR-free library preparation, from both sized-selected 
digested plasmids (‘zero-swap’ controls) and AAV-packaged DNA, 
on the Oxford Nanopore Technology (ONT) platform (through 
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in some cases representing the majority of species, and suggest that 
the rate of chimera formation is dependent on the length of intervening 
homologous sequence.

In addition to length and homology, what other parameters modu-
late the level of chimerism? In line with studies focusing on maintaining 
linkage for capsid sequence engineering15–18, we reasoned that chi-
merism could be a function of the number of different rAAV plasmids 
received per cell during packaging. To test this hypothesis, we packaged 
library p151:mid-hom at four different doses spanning a 1,000-fold 
input range (15 ng to 15 μg per 15-cm plate of cells, total DNA fixed 
using ITR-free carrier plasmid; Fig. 1d and Supplementary Fig. 3). As a 
control, we repackaged p152:mid-nonhom at the 100% dose in parallel. 
Long-read sequencing (ONT, Plasmidsaurus) of AAV-packaged DNA 
revealed extensive chimerism in p151:mid-hom and a robust trend 
toward decreasing discordant BC1–BC2 fraction at lower input doses. 
Notably, the trend exhibited a shallow logarithmic scaling, with ~9% 
fewer swaps per tenfold decrease in input. We note that, even at the 
lowest dose, at most ~102 plasmids may be delivered per cell (15 ng = 2.4 
billion × 6-kb plasmids; with 20 million cells, this equates to ~120 plas-
mids per cell) and the actual internalized copy number was previously 
estimated by qPCR to be ~10 per cell at such a dose16. Hence, in line 
with previous bespoke estimates of cotransfection with pairs of GFP 
or mCherry plasmids at a similarly low dose15, reaching a truly limiting 
regime likely will require substantially lower input plasmid concentra-
tion. Given that the titer at the lowest input dose remained substantial 
(Supplementary Data 2), this dosage series suggests a partial mitigation 
strategy for applications that are not critically dependent on high viral 
titers. Regardless, the decrease in chimerism as a function of input dose 

Plasmidsaurus). Focusing on full-length BC-to-BC reads bearing all BC 
adjacent signposts in their proper positions and exact but separate BC1 
and BC2 matches (Extended Data Fig. 1d and Supplementary Fig. 1a,b), 
we measured what fraction of reads showed discordant BC1–BC2 pairs 
in each sample (Fig. 1c and Supplementary Figs. 1e and 2). As expected, 
the parental backbone p146 BC1–BC2 plasmid-derived inserts library 
exhibited near-complete concordance with the reference BC1–BC2 
dictionary (0.1% discordant pairs; Fig. 1c, left), underscoring the 
robustness of our bioinformatic pipeline. Furthermore, the ‘no-swap’ 
controls (that is, inserts digested and size-selected from plasmid 
libraries p149–p154) showed low but slightly increased discordance 
(<2.5%; Fig. 1c, right inset), suggesting nonzero chimerism generated 
in the cloning process (the highest discordance library being in the 
short homologous p149, hinting at possible recombination during 
Gibson assembly).

However, homologous insert AAV-packaged libraries exhibited 
dramatically increased rates of discordance, ranging from ~20% for the 
short inserts to >60% for the long inserts (Fig. 1c, middle). By contrast, 
nonhomologous insert libraries displayed largely concordant barcode 
pairs in AAV-packaged DNA independent of length (≤6% discordance, 
significantly lower than size-matched homologous libraries; false dis-
covery rate (FDR) < 10−5 according to bootstrap analysis). We note that, 
because of the library construction process (tagmentation followed by 
PCR), even the nonhomologous inserts shared short regions of homol-
ogy corresponding to the Tn5 adaptors at both ends (33 + 34 = 67 bp; 
Extended Data Fig. 1d), which could contribute to the low but nonzero 
rates of chimerism in these libraries. Together, these results indicate 
extensive molecular chimerism forming during rAAV packaging,  
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Fig. 1 | Chimera formation during rAAV packaging revealed by barcode 
swapping experiments. a, A complex doubly barcoded cloning dock with 
associated dictionary of valid BC1–BC2 pairs was constructed and served as 
the starting point to clone libraries of inserts of varying lengths and homology 
class within AAV2 ITRs (six separate libraries: [short ~0.2 kb, mid ~0.8 kb, 
long ~2.1 kb] × [homologous, nonhomologous]). The seven different libraries 
considered are schematized (Extended Data Figs. 1 and 2). b, Each cloned 
barcoded library was separately: (1) digested to liberate the barcoded insert and 
(2) AAV-packaged. Both plasmid-derived insert and AAV DNA were submitted for 
direct long-read sequencing. Resulting long reads were scanned for barcodes and 
the fraction of discordant BC1–BC2 pairs, as compared to the bona fide parental 
dictionary, was determined. c, Quantification of the fraction of discordant 
barcode pairs as a function of the full-length BC-to-BC average size. Left, plasmid 
DNA; middle, AAV-packaged DNA; right, zoomed-in view of y axis range 0–0.1. 
Each point corresponds to swap quantification for a library for both plasmid-
derived (square) and AAV-derived (circle) material (n = 1 replicate per library).  
For each data point, we analyzed full-length BC-to-BC reads passing quality 

control filters and having separately valid BC1 and BC2 (Supplementary Figs. 3a 
and 4a). Quantifications derived from library p153× corresponding to the pool of 
multiple-sized inserts in a single AAV-packaged sample are marked by an ×. Swaps 
are significantly higher (one-sided bootstrap FDR < 10−5) for the homologous 
versus their respective size-matched nonhomologous libraries. d, The impact  
of starting plasmid dose on BC1–BC2 chimerism was assessed by packaging 
library p151:mid-hom with different starting amount per 15-cm plate of producing 
cells, ranging from 15 μg (100% dose) to 15 ng (0.1% dose). The total input of 
transfected DNA was kept fixed by adding ITR-free plasmid (Supplementary Fig. 6).  
Vertical error bars correspond to the 20th–80th percentiles from bootstrap 
resampling to document read counting noise (center: quantification from all 
reads). Horizontal error bars to the 10th–90th percentile of the BC-to-BC length 
distribution from plasmid digest inserts. Data from each library or condition 
is from one packaging replicate, with separate packaging for distinct libraries 
(Supplementary Data 2). A second biological packaging replicate is presented in 
Fig. 2b, with quantitative reproducibility, for libraries p151 and p152.
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supports the view that these BC1–BC2 swapping events occur in cells 
during the packaging process.

To assess whether the observed chimerism was exclusive to 
serotype PHP.eB, library p153× was packaged with AAV2, revealing a 
similar level of barcode swaps (Extended Data Fig. 3) at both 100% 
and 10% input dose conditions. As before, sparser packaging did 
decrease chimerism (bootstrap FDR < 0.005 in all instances). These 
results suggest that AAV chimeras form in a variety of capsids and 
packaging conditions.

What alternative explanations would account for the observed 
chimerism? The AAV sequencing library preparation from Plasmid-
saurus, based on a recent protocol19, relies on annealing of the ssAAV 
DNA followed by end repair and adaptor ligation. End repair can, in 
principle, induce a single polymerization event, such that incomplete 
products with an insert-internal 3′ end could prime homologous coun-
terparts, leading to technically induced chimeras. For this mechanism 
to manifest, these subgenomic components with an internal 3′ end 
would need to be packaged to be coextracted with other encapsi-
dated DNA molecules. This is, however, unlikely, as AAVs are pack-
aged from their 3′ ITR20,21, such that subgenomes truncated at the 3′ 
end would not be preferentially packaged. Furthermore, given the 
observed BC1–BC2 swapping proportions, truncated or incomplete 
AAV genomes22 would need to make up a substantial proportion of 
the packaged material commensurate with the observed barcode 
swapping frequency. These are, however, a rare class of intermediates 
compared to snapback products23 (partial genomes flanked by ITRs 
on both ends). Lastly, AAV dimers generated from ITR priming, which 
serve as an internal control for this effect, are rarely observed in ONT 
libraries generated using this method (categorization of subgenomic 
fragments in Extended Data Fig. 4d–f).

To obtain further support for our interpretation, we performed 
several controls to confirm that the observed chimerism was not an 
artifact of the specific ONT long-read preparation procedure. First, as 
an alternative to the direct annealing-based library preparation from 
AAV-packaged DNA, we generated double-stranded DNA libraries of 
barcoded inserts by PCR templated from both plasmids and purified 
AAV-packaged genomes. Of note, PCR libraries avoid a possible con-
founder of libraries composed of large segments of nonhomology 

(p152:mid-nonhom and p154:long-nonhom), which might have hin-
dered the annealing step in the direct AAV ONT preparation. Plasmid 
templates were diluted to have a similar number of PCR cycles total 
compared to the AAV genomes templates (n = 16–20 cycles for AAV 
samples, n = 18 cycles from plasmid). Long-read sequencing (Plasmid-
saurus) and bioinformatic processing of the PCR-generated libraries 
as before revealed near-quantitative agreement in the level of swaps 
compared to the PCR-free samples (Fig. 2a and Supplementary Fig. 4). 
The main difference was a modest increase in swaps for plasmid sam-
ples originating from homologous insert (blue squares in Fig. 2a, from 
1–2% (direct) to 3–5% (PCR) discordant pairs), in line with the low level 
of chimerism known to originate from PCR23. This PCR chimerism was 
nevertheless about one order of magnitude lower than that observed 
in AAV-derived samples. Second, we also used an orthogonal long-read 
sequencing platform to document BC swaps. Slightly modifying a 
recent library preparation protocol20 based on a single Bst2 polymer-
ase extension step tailored to minimize intermolecule annealing, 
we characterized encapsidated DNA libraries p151:mid-hom and 
p152:mid-nonhom from the same packaged samples as for the direct 
ONT. Despite a rapid snap cooling step, analysis of consensus-circular 
PacBio sequences revealed populations consistent with both ssAAV 
annealing, in addition to molecules originating from the expected 
Bst2 extension (‘scAAV-like’, Extended Data Fig. 5a–g). This categoriza-
tion was further supported by inspection of the identities of BC1s and 
BC2s across the reads (Extended Data Fig. 5h–l): different BC1s/BC2s 
on forward/reverse CCS reads for the intermolecular ssAAV annealing 
and identical BC1s/BC2s for intramolecular extension (scAAV-like). As 
expected biochemically, the proportion of annealed molecules was 
higher for the fully homologous insert (p151:mid-hom) compared to the 
nonhomologous library (note that p152:mid-nonhom still has homol-
ogy regions flanking the BC1–BC2 section; Fig. 1a). Stratifying bioinfor-
matic analysis of BC1–BC2 concordance across the different molecular 
species, however, showed that the fraction of swaps was insensitive to 
the specific steps in the library preparation and aligned with the ONT 
results, with or without PCR (Fig. 2b). Third, a hand-mixing experiment 
in our companion work (figure 3f,g in ref. 14) revealed that the ONT 
procedure is likely not the originator of swaps; in a low-complexity 
sample composed of separately packaged plasmids pooled before 
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Fig. 2 | Observed rAAV chimerism is robust to the long-read library 
preparation procedure. a, Comparison of PCR versus direct long-read library 
preparation for ONT sequencing of paired barcode libraries. Left, schematic of 
the workflow. For plasmid DNA, we compare digested BC1–BC2 inserts versus 
PCR products. For AAV-packaged DNA, we either extracted DNA and performed 
PCR before long-read sample preparation or submitted the AAV particles directly 
(library preparation using the annealing strategy19). All ONT sequencing was 
performed with Plasmidsaurus. The graph shows the fraction of discordant 
barcode pairs from PCR-derived libraries (x axis) versus direct (same data as Fig. 
1c; y axis), as also shown in Supplementary Fig. 4b. AAV samples only include the 
PHP.eB serotype with standard packaging conditions. Error bars correspond to 
the 20th–80th percentiles from bootstrap resampling to document read counting 

noise (smaller than symbol size for PCR libraries along x axis because of high 
sequencing coverage for these libraries; center: quantification from all reads). 
The AAV data (circles) are from one packaging replicate per library, with ONT 
preparation either through direct (annealing-based) or PCR-based approaches. 
The plasmid-derived data (squares) are from a single replicate (one preparation 
per library). b, Comparison of the fraction of discordant BC1–BC2 pairs from 
AAV-packaged DNA from the same libraries (p151:mid-hom in blue and p152:mid-
nonhom in orange) across ONT (both direct and PCR-based) and PacBio libraries. 
Quantification on the PacBio reads was stratified by class of molecules (produced 
from intramolecular extension or through annealing), as also shown in Extended 
Data Fig. 5.
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ONT processing, chimerism was nearly inexistent (<2.5% swaps) in 
contrast to plasmids pooled before packaging (>35% swaps). Fourth, 
enhancer reporters with two separate barcoded RNA per constructs24 
were captured in single-cell RNA sequencing from mouse brains in our 
companion work. Reporter barcodes molecules captured confirmed 
pervasive lack of codetection compared to expected pairing mapped 
from the originating plasmid reporter library (swapping incidentally 
confirmed by ONT sequencing; Supplementary Fig. 5). This constitutes 
a linkage measurement without any long-read quantification (supple-
mentary figure 7g in ref. 14). Collectively, these data strongly support 
our interpretation that the observed chimerism is not introduced 
through technical aspects of the long-read library preparation.

Nevertheless, four technical points deserve note. First, one of our 
libraries, p153:long-hom, while intended to exclusively harbor long 
homologous inserts, also contained a sizeable proportion of short and 
mid-sized homologous inserts in the AAV-packaged ONT data because 
of cloning history (short: 8–49%, mid-sized: 10–23%, across the four sam-
ples), which could be identified because of their internal insert index 
and shorter total read lengths (Supplementary Fig. 2e). Quantifications 
from the resulting multisized library, denoted as p153×:long-hom, are 
marked with × in Fig. 1c (all points in Extended Data Fig. 3). Shorter 
insert elements in p153×:long-hom were present at low proportion in 
the starting plasmid library (not detected in whole-plasmid sequencing 
verification and barely visible on gel but clearly visible upon PCR ampli-
fication; Supplementary Fig. 2g–i) but were likely selectively enriched 
because of their shorter sizes during rAAV packaging. All other libraries 
overwhelmingly comprised the expected inserts (>99% apart from gen-
erally low level of empty parental carryover; mid-sized and long non-
homologous displayed higher proportion of parental p146 sequences, 
at 19% and 66% respectively, possibly enriched by the annealing step 
of the ONT library preparation, as discussed below). To provide addi-
tional evidence for the phenomenon of chimerism on more constructs 
with long inserts, we quantified discordance on another orthogonally 
prepared, high-complexity library of dual-barcoded reporters25 with 
a rigorously mapped barcode-to-enhancer association dictionary 
(Supplementary Fig. 5a–d). These indeed showed a level of swapping 
dependent on insert size (9% and 45% discordance for the 220-bp and 
1,450-bp homologous inserts respectively; Supplementary Fig. 5e). 
The different quantitative magnitude of the observed chimerism for 
different intervening sequences suggest subtleties likely related to the 
underlying causative mechanism. Prior work with overlapping AAV 
dual vectors indeed confirms different ‘recombination’ propensities 
across varied sequences26,27.

Second, AAV-packaged long inserts (p153×:long-hom and 
p154:long-nonhom) showed a high proportion of reads with shorter 
than expected BC-to-BC inserts (Supplementary Fig. 2d; 14–67% in 
p153×, 85% in p154). These off-products (not included in the quantifica-
tion shown in Fig. 1c) were associated with even lower rates of barcode 
pair concordance, irrespective of the homologous or nonhomologous 
nature of their inserts (Supplementary Fig. 2e). Inserts from these 
shorter off-products displayed a high proportion of complex compos-
ite multisegment alignments (Supplementary Data 3; Fisher’s exact 
P < 10−4 in all instances), in line with previous evidence of complex 
structural variants in AAV-packaged DNA8,9.

Third, some of the reads, despite having the full BC-to-BC length, 
did not span the full ITR-to-ITR length. This phenomenon was seen not 
only in the AAV-packaged samples but also in the size-selected digested 
plasmid inserts (Supplementary Figs. 1f and 2e), which were over-
whelmingly ~2.2 kb upon submission for long-read sequencing. There-
fore, we tentatively attribute these to downstream technical aspects of 
the ONT sequencing. Consistently, these incomplete ITR-to-ITR reads 
(but still with full BC-to-BC lengths) had similar rates of barcode swap-
ping (Fisher’s exact P > 0.35 in all instances; Supplementary Data 4).

Fourth, given that only a small proportion of all long reads satisfied 
our rigorous quality control steps to quantify BC1–BC2 discordance, 

we explored whether error correction of barcodes was a viable way to 
recoup the ~35% of reads lost because of requiring perfect matches 
(separately) to BC1s and BC2s in the starting dictionary. We found 
that only a minor proportion (<10% of total reads) of the nonmatched 
barcodes were within one Hamming distance of bona fide barcodes 
(the complexity of our libraries prevented us from extending to larger 
Hamming distances; >90% of reads accounted for after allowing for 
different error modes, Supplementary Fig. 3d). BC1–BC2 discordance 
on error-corrected barcodes was even higher than BC1–BC2 discord-
ance with perfect matches. Given this minor proportion and to avoid 
the risk of introducing any cryptic biases, we continued to require 
perfect matches and did not include error-corrected barcodes in our 
quantification. Future iterations with longer barcode designs would 
enable more robust error correction. We did, however, confirm that 
sequencing errors did not lead to apparent but spurious BC1–BC2 
swaps in our experiment (Supplementary Note 1). Beyond nonmatched 
barcodes, we more thoroughly documented the classes of subgenomic 
particles in our data. We found that a large proportion of the reads that 
failed to pass our quality control filters (for example, 29–81% for ONT 
and 22–25% for PacBio with zero of four mapped signposts) were partial 
fragments predominantly mapping near the 3′-most ITR within our 
constructs (Extended Data Fig. 4). These fragments contained no bar-
codes and, therefore, could not be used for chimerism quantification. 
Notably, a subgenomic population, predominantly identified in our 
PacBio data, consisted of ‘snapback’ molecules28,29 originating at the 
Tn5 mosaic ends (from the Nextera handles used to generate the bar-
coded inserts; Extended Data Fig. 5c,j). Comparing the repeated BC2s 
concordance in those fragments also indicated homology-dependent 
swaps and at a higher level than for BC1–BC2 pairs in the complete 
genomic reads (Extended Data Fig. 5j).

A critical aspect of in vivo functional genomics is high-fidelity 
delivery of functional payloads to cells and the scale of these experi-
ments has been growing30. rAAV vectors have known limitations in 
terms of the size of their DNA payload; however, to our knowledge, 
high-frequency rearrangement of genetic content upon packaging 
has not been reported. Following early discovery from serial sub-
genomic infections31, recombination is a recognized driving force 
for AAV evolution32,33. As a notable example, the AAV-6 serotype is 
believed to be the recombination product of AAV1 and AAV2 (ref. 34). 
Analogous observations were made in the context of oversized cargo 
production for gene therapy, in which homologous subfragments 
delivered through distinct rAAVs are fused to heterodimers in host 
cells upon high-multiplicity-of-infection dual transfer35–42, putatively 
through homologous recombination. However, these observations 
have not been connected to the distinct context of pervasive chimer-
ism among library entities during AAV packaging. This is unlike the 
well-established case of lentiviral vectors, which recombine because of 
template switching, thereby unlinking their genetic components6,7,43–46 
in a length-dependent and homology-dependent manner. Our results 
document widespread chimerism in AAV as well, with a key distinction 
being that, for lentivirus, template switching occurs after transduc-
tion in infected cells, whereas, with AAV, chimerism occurs during 
packaging. This chimerism is likely a substantial contributor to the 
noise observed in multiplexed barcoded AAV packaging by ourselves 
and others10,11,13,47–49 (evidence of consequences for the interpretation 
of in vivo experiments provided in ref. 14).

While the precise mechanism of AAV chimera formation remains 
unresolved and beyond the scope of this brief communication, sev-
eral features of the phenomenon—most notably its dependence on 
cargo length, sequence homology and input dose—provide impor-
tant constraints. Our leading hypothesis is that chimeras arise from 
homology-dependent template switching associated with DNA repair 
pathways activated under stress because of AAV replication. AAV pro-
duction is known to induce host DNA damage responses50,51 and poly-
merases implicated in AAV replication (Pol δ, η and κ) also function in 
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DNA repair51,52. Replication stress during AAV genome amplification 
could, therefore, promote template switching following fork stalling 
or collapse, a documented outcome of stressed replication forks53.

Other mechanisms are also plausible. Chimeras could form 
through template switching of partially replicated genomes during 
rolling hairpin amplification54, analogous to events observed with 
poorly processive polymerases in PCR24,55,56. Alternatively, open 
double-stranded AAV intermediates may mimic double-strand breaks 
and undergo resection followed by repair through single-strand 
annealing or homologous recombination57. In addition, recombina-
tion between cotransfected plasmids cannot be formally excluded; 
however, the weak scaling of chimera frequency with input DNA dose 
(Fig. 1d) argues against this explanation, as plasmid–plasmid recom-
bination is unlikely to occur at appreciable frequencies at very low 
DNA concentrations58.

Another intriguing possibility is that chimerism follows from the 
packaging of multiple rAAV genomes in the same capsid. Such multiply 
packaged rAAV capsids are possible for ITR-to-ITR lengths < 3 kb (such 
as our BC1–BC2 constructs)59. However, our doubly barcoded enhancer 
reporters are >3 kb (ITR inclusive, larger than half of the rAAV limit; 
Supplementary Fig. 5a) and we still observe a similar level of chimer-
ism for these constructs (Supplementary Fig. 5b), suggesting that the 
phenomenon is not strongly related to multiply packaged capsids.

Mechanistic diversity of the AAV packaging process is well docu-
mented, be it with regard to genome configuration (ssAAV versus 
scAAV), serotypes, Rep proteins60 or helper proteins (for example, Ad 
versus HSV-1)54. A notable example is serotype AAV5, which is a phylo-
genetic outlier and displays substantial differences in packaging and 
encapsidation61–64. That said, here, we confirm pervasive swaps with 
both PHP.eB and AAV2 serotypes (Extended Data Fig. 3), which derive 
from distinct AAV clades64. Quantitatively evaluating how a wider 
range of serotypes and packaging conditions modulate the chimerism 
phenomenon should be straightforward using our BC1–BC2 reporters 
with minor modifications.

Until the definitive mechanism is identified, chimerism can still be 
partially be mitigated7,45,46 by limiting the distance between complex 
elements (for example, 5′ instead of 3′ barcodes in MPRA assays, as 
applied in lentiMPRA65,66), decreasing the extent of entirely homolo-
gous regions, lowering cotransfection dose in packaging cells when 
possible (at the expense of titer yield) or dispensing of the need for 
a barcode altogether where possible (for example, direct capture of 
sgRNAs67). Future technical improvements in packaging cofactors 
or investigation of involvement of endogenous DNA repair pathways 
could also find general solutions to this problem. Our results illumi-
nate an issue in pooled rAAV production of complex libraries, which 
will inform experimental design decisions to improve data quality 
in multiplex projects involving this important gene delivery vehicle.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41587-026-03097-1.
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Methods
Cloning complex libraries of doubly barcoded AAV constructs 
with various inserts
To clone a set of doubly barcoded AAV constructs, we digested plasmid 
AiP11839 (Addgene, 163509) with PacI and BbsI (New England Biolabs) 
and size-selected the 2.9 kb backbone containing the AAV2 ITRs on 
agarose gel. A GFP stuffer constructs with complex barcodes was cre-
ated by two steps of PCRs (step 1: primers o924 + o925 amplifying GFP 
from p027, step 2: o926 + o927_v2) using Kappa Robust and standard 
cycling conditions. Random nucleotides were included in the primers 
to append random DNA barcodes (15 nt in o926, left BC1 and 16 nt in 
o927_v2, right BC2; Extended Data Fig. 1d) The second PCR was tracked 
by qPCR and stopped at the inflection point to maintain complexity 
and limit jackpotting. The barcoded GFP stuffer was then size-selected 
on agarose and inserted by Gibson assembly (4-μl reaction) in the 
AiP11839 PacI + BbsI-digested backbone above. The resulting library 
was cleaned up (reaction taken to 50 μl with 10 mM Tris 8 buffer and 
Zymo Clean and Concentrator with 3:1 binding buffer, eluted in 6 μl 
of water) and 3 μl was electroporated in 25 μl of C3020 cells (New 
England Biolabs). The resulting complex library (>5 million barcode 
transformants estimated by plating 0.03%) was grown overnight at 
37 °C and plasmid-purified (Qiagen miniprep), generating the parental 
barcoded plasmid p146 (Extended Data Fig. 1b). This barcoded ‘dock’ 
contained two SapI sites internal to the BC1 and BC2 to allow insertion 
of various libraries of inserts. Just outside the SapI sites, a Nextera read1 
adaptor served as homology for Gibson assembly on the left BC1 side 
(Extended Data Fig. 1d) and another constant-homology arm was used 
on the right BC2 side. Before replacing GFP with different classes of 
inserts, we generated additional dock plasmids to accommodate final 
constructs of fixed lengths by adding constant inserts outside of the 
barcoded stuffer. Briefly, p146 was sequentially digested with BglII and 
PmlI (New England Biolabs), the resulting linear product size-selected 
on agarose. Filler sequences of 1,291 bp and 1,898 bp were generated 
by PCR amplification from plasmid AiP11839 (constant_1291bp with 
primers o929 + o930, constant_1898bp with primers o928 + o930) 
using standard conditions. Following size selection on agarose, these 
were inserted by Gibson assembly and electroporated as described 
above, maintaining a high complexity of represented barcodes in the 
libraries, resulting in barcoded plasmids p147 (with constant_1291bp) 
and p148 (with constant_1898bp). All parental libraries were confirmed 
by whole-plasmid sequencing (Plasmidsaurus).

Parental barcoded AAV libraries with GFP stuffer flanked by SapI 
sites: p146, no additional insert; p147, with additional constant 1,291-bp 
insert outside of barcodes; p148, with additional constant 1,898-bp 
insert outside of barcodes.

Six libraries were then constructed to vary the insert length and 
class (homologous, meaning all components of the library are identi-
cal, or nonhomologous, meaning that all members of the library are 
different). To maintain a roughly constant length of 2.3 kb between 
the AAV ITRs, short inserts were integrated in p148, mid-sized inserts 
were integrated in p147 and long inserts were integrated in p146 
(Extended Data Fig. 1b,c). All parental plasmids were digested with 
SapI (New England Biolabs) to release the GFP stuffer and the resulting 
barcoded backbones were size-selected on agarose for downstream 
steps, described below.

Homologous (fixed) inserts were taken from sections of the 
AiP11839 cargo (Extended Data Fig. 1a) and generated by two steps of 
PCR with primers. The first step appended handles (Nextera R1 on left, 
partial Nextera R2 on right) to the constant region: homologous_127bp 
with primers o931 + o934, homologous_739bp with o931 + o933 and 
homologous_2034bp with o931 + o932. These handles then served to 
prime a secondary PCR, which also appended a unique library index 
inside the construct for later demultiplexing. This secondary PCR 
was the same as that used for the construction of the nonhomologous 
libraries, corresponding to primers Nextera R1 (o759) in the forward 

direction and an indexed Nextera R2 with the constant right homol-
ogy arm in the reverse direction (homologous_127bp with o937, 
homologous_739bp with o938 and homologous_2034bp with o939). 
The indexed constant inserts were then size-selected on agarose and 
inserted in their respective (for fixed ITR-to-ITR length) SapI-digested 
barcoded parental backbone (Extended Data Fig. 1b) with Gibson 
assembly. Following cleanup and electroporation, libraries were bot-
tlenecked by serial dilution before outgrowth to a target complexity 
of ~20,000 transformants.

To generate nonhomologous insert libraries, we relied on tag-
mentation and PCR amplification of bacterial genomic DNA. Briefly, 
1 μl at 10 ng μl−1 of gDNA extracted from E. coli cells (also containing 
plasmid p146, as described below) was tagmented with dually loaded 
Tn5 (Illumina, Nextera Tagment DNA enzyme, 15027916) at two doses: 
0.4 μl of Tn5 enzyme 1 and 0.4 μl of a 20-fold dilution of the Tn5 enzyme 
together with 3.6 μl of water and 5 μl of 2× tagmentation buffer (Illu-
mina, 15027866). Following cleanup (Zymo Clean and Concentrator, 
3:1 binding buffer), 1 μl of the 10-µl Tris 8 10 mM elution (1 ng) was taken 
as input for 12 cycles of PCR (Kappa Robust) from the Nextera handles 
with indexed primer (same primers series as homologous inserts above, 
forward o759, reverse: short with o941, mid-sized with o942 and long 
with o943) to mark the libraries with internal insert indices for down-
stream demultiplexing. The resulting smear was size-selected to a 
narrow range in size on polyacrylamide gel for the short insert and on 
agarose for the mid-sized and long inserts. In all cases, to size-match 
nonhomologous fragments as carefully as possible, the homologous 
inserts of corresponding length were run on side lanes on the gels and 
the small corresponding range of the amplified tagmented gDNA was 
cut out and purified. The size-selected fragments were secondarily 
amplified with the same primers to generate more material for cloning, 
size-selected again and inserted by Gibson assembly in their respective 
SapI-digested barcoded parental backbone as for the homologous 
fragments. Following cleanup and electroporation, libraries were 
again bottlenecked to a target complexity of ~20,000 transformants.

Thus, all in all, we obtained the following six libraries fixed 
ITR-to-ITR length with the following insert characteristics and esti-
mated complexity from transformant counts. All homologous libraries 
were confirmed by whole-plasmid sequencing (Plasmidsaurus) and 
nonhomologous libraries were spot-checked with Sanger sequencing 
of colonies (Genewiz).

Final dual-barcoded AAV libraries with various inserts (listed insert 
lengths do not include the Tn5 Nextera handles, included between all 
barcode pairs: 33 + 34 bp total): p149, short (127 bp) homologous insert; 
p150, short (~100 to 150 bp) nonhomologous inserts; p151, mid-sized 
(739 bp) homologous insert; p152, mid-sized (~650 to 850 bp) nonho-
mologous inserts; p153, long (2,034 bp) homologous insert; p154, long 
(~1,900 to 2,100 bp) nonhomologous inserts.

We note that the bacterial pellet used for genomic DNA extrac-
tion to tagment for nonhomologous library insert generation was 
outgrown from a colony on a p146 transformation plate (but grown on 
LB without ampicillin). As such, inserts from these libraries contained 
at substantial proportion sequences from plasmid p146 (proportion 
of mapped fragments: 65% for p150, 19% for p152 and 15% for p154; 
inserts mapping to p146 also mapped to AiP11839 given similarity). 
While inserts from these nonhomologous libraries are still very diverse, 
given the limited size of the plasmid and substantial proportions of 
the libraries, there are still nonzero pockets of homology for certain 
members of the libraries. To quantify this, we performed local pairwise 
alignment (pairwiseAlignment from R package Biostrings, version 
2.62.0, option type = ‘local’) of randomly selected insert sequences 
from the size-selected digested plasmid long reads (pairs of reads 
with distinct barcodes). Setting a threshold score per library as the 
maximum of 1,000 alignments from a pair of insert sequences and 
another one-shuffled pair (FDR < 0.001), we quantified that about 
1% of inserts had detectable homology (0.8% p150, 1% p152 and 1.8% 
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p154), indeed close with theoretical expectation, assuming even ran-
dom fragmentation with the proportion of reads within each library 
coming from the plasmid (size 5 kb) and the size of inserts (p150: 0.6
5 × 0.65 × (100 bp/5,000 bp) = 0.8%, p152 = 0.19 × 0.19 × (750 bp/5,00
0 bp) = 0.5%, p154 = 0.15 × 0.15 × (4,000 bp/5,000 bp) = 1.8%). Hence, 
despite the tagmentation material in the starting library being a mix-
ture of genome and plasmid, the final libraries were effectively nearly 
completely nonhomologous.

Notably, a significantly enriched proportion of the rare swapped- 
barcode reads from the nonhomologous libraries originated from 
members of the library with regions of homology. For instance, 
among the 22/26 full BC-to-BC length barcode-swapped reads from 
library p150 for which the two corresponding preswap inserts could 
be mapped in the size-selected digested plasmid data, 3/22 had exten-
sive homology (pairwise local alignment score > 50), which was over 
tenfold higher than randomly selected pairs of inserts from the same 
library (Fisher’s exact P < 0.005).

Generation of a valid BC1–BC2 pair dictionary from parental 
plasmid library p146
To generate the dictionary of valid barcode 1 and barcode 2 pairs, 
we amplified by PCR (primers o945 + o946v2 containing P5 and P7 
Illumina adaptors) the GFP stuffer insert flanked by the two barcodes 
using 5 ng of starting template (50-μl reaction, Kapa Robust, standard 
conditions, ten cycles) and followed by 1× AMPure beads cleanup. The 
resulting library was sequenced using custom primers as a fraction of 
a NextSeq2000 P2 100-cycle run (read1: 42 cycles with o947, index1: 
20 cycles with o761 Nextera_read1 (into SapI restriction site and GFP, 
not used), index2: 20 cycles with o948 (into GFP, not used), read2: 16 
cycles with o762 Nextera_index2). Sequencing data were demultiplexed 
from other samples on the basis of the first ten indices of read1 (GATC-
CGTCGA) using bcl2fastq with base mask i10y*,y*,y*,y*, yielding 195.6 
million reads to associate barcodes from p146. BC1 (5′/left of insert) 
was on cycles 1–16 within read2, whereas BC2 (3′/right of insert) was 
on cycles 21 to 36 within read1.

We then applied stringent representation and uniqueness cri-
teria to identify unique valid pairs for our downstream swapping 
assessment. Read counts corresponding to identical barcodes 1 and 
2 were first piled up. First, representation of barcodes (separately, 
summing reads from pairs with three or more counts) was inspected 
(Extended Data Fig. 2c), revealing a trimodal distribution: low-count 
barcodes (≤5 reads) corresponding to likely sequencing or PCR errors 
(BC1, n = 1,010,349, 2.5% of reads; BC2: n = 1,162,035, 2.9% of reads), 
intermediate-count barcodes making up the bulk of the coverage (BC1, 
n = 6,345,673 barcodes, 92.9% of reads; BC2, n = 6,596,695 barcodes, 
93.5% of reads) and high-count barcodes (BC1, n = 827, 4.6% of reads; 
BC2, n = 530 barcodes, 3.7% of reads), possibly emerging from of clonal 
expansion during transformation outgrowth and/or PCR jackpotting. 
In the case of BC2, a single sequence (ATAACGACTTGTGAGC) was 
drastically overrepresented (2.5% of reads). This barcode and all other 
barcodes within a Levenshtein distance of ≤2 to it (n = 402 barcode, 
0.25% of reads) were not considered in downstream analysis to avoid 
spurious nonunique pairs. We note that our barcode space was not 
saturated at that level of tolerance to mismatches (average of three 
BCs within our BC2 reads within Levenshtein distance of 2 to repeated 
one-shufflings of the ATAACGACTTGTGAGC sequence). Furthermore, 
barcodes with ten or more consecutive Gs or containing truncated BC 
(with the detected post-BC sequences: ATTAAAC for BC1, TAGCGCG 
for BC2) were removed, corresponding to a minute proportion of the 
library (BC1, n = 9,533, 1.1% of reads; BC2, n = 3,910, 0.06% of reads).  
To avoid mismatches from high-representation barcodes being 
retained as spurious mid-count barcodes, the list of mid-count bar-
codes was pruned by removing those within a Levenshtein distance 
of 2 from the high-count barcodes (number of mid-count barcodes 
removed in pruning process: BC1, n = 16,386; BC2, n = 4,747). All 

remaining pruned mid-count barcodes were retained downstream 
(BC1, n = 6,321,002; BC2, n = 6,588,391). Lastly, the high-count barcodes 
were further error-corrected by generating an undirected graph con-
necting barcodes within a Levenshtein distance of 2 or less. The most 
highly represented barcodes from each connected component were 
considered valid. Rare clusters composed of many well-represented 
barcodes (fold change between maximum and minimum < 10 within 
connected component) were discarded as possibly ambiguous, 
leading to n = 609 and n = 420 error-corrected high-count BC1 and 
BC2 sets, respectively. All in all, these filtering steps generated a list 
of well-represented high-quality barcodes (BC1, n = 6,321,611, BC2: 
n = 6,588,811).

From these well-represented BC1 and BC2 sets, we finally filtered 
unique pairings between the two. Specifically, all paired barcodes with 
≥2 reads were filtered for members present in both separately valid 
sets. Then, the proportion of reads to each barcode within a pair (for 
example, the number of reads to BC1 from a given pair over number of 
reads containing the same BC1 across all pairs in the library) was com-
puted. Only pairs for which >99% of reads mapped to a unique pair were 
retained. This led to a final set of n = 5,586,772 valid barcode pairs used 
for downstream assessment. Only exact matches to BC1 and BC2 con-
stituents of these final pairs were used for filtering long-read data and 
setting the denominator in our barcode swap quantification. The reten-
tion proportion at filtering steps is presented in Extended Data Fig. 2b.

We note that the distinction between mid-count and high-count 
representation above was largely immaterial, as the overwhelming 
majority of detected BCs in our long-read libraries were from the 
mid-count set (n = 12 of 4,811 full BC-to-BC reads from AAV used to 
quantify swaps in Fig. 1 from the high-count barcode set), in line with 
their dominant representation, with no significant correlation with 
concordant or discordant pairing and barcode representation class 
(for the two libraries with detected high-count barcodes in the final 
read list, Fisher’s exact test: p149, P = 0.71; p151, P = 0.14).

AAV packaging
Complex libraries were packaged into PHP.eB or AAV2 capsids using the 
crude prep method previously described68. Maxiprep libraries cloned 
between AAV2 ITRs were transfected with PEI Max 40K (Polysciences, 
24765-1) into one 15-cm plate of HEK-293T cells (American Type Cul-
ture Collection, CRL-11268), along with helper plasmid pHelper (Cell 
BioLabs) and either pUCmini-iCAP-PHP.eB69 (Addgene, 103005) or 
pAAV2/2 (Addgene, 104963). The final transfection mix contained 
150 μg of PEI Max 40K, 30 μg of pHelper DNA, 15 μg of rep/cap plas-
mid DNA and 15 μg of library DNA per plate (‘standard conditions’). 
In the case of ‘sparse conditions’, we transfected with fewer library 
molecules per cell by using 10% (1.5 μg) library DNA along with 90% 
(13.5 μg) non-ITR-bearing empty expression vector plasmid DNA as 
a carrier (AiP12481, pCDNA3.1-CMV-empty-IRES2-mTFP1-BGHpA). 
Following transfection at 24 h, the medium was changed to low-serum 
conditions (1% FBS) and then, after 5 days, cells and supernatant were 
harvested into 50-ml conical tubes and AAV particles were released 
by three freeze–thaw cycles. The cell lysates were then treated with 
Benzonase to degrade free DNA (2 μl of Benzonase, 30 min at 37 °C, 
MilliporeSigma, E8263-25KU) and then cell debris was cleared with a 
low-speed spin (1,500g 10 min). The supernatant containing virus was 
concentrated over a Centricon column (100-kDa molecular weight 
cutoff; MilliporeSigma, Z648043) to a final volume of ∼100 μl, contain-
ing ~1 × 1012–3 × 1012 vector genomes. Crude AAVs were used for direct 
sequencing (Plasmidsaurus AAV sequencing service).

Sample preparation and sample submission for long-read 
sequencing
We long-read sequenced both direct and PCR-based libraries. For 
PCR-free sequencing of plasmid DNA, we digested the starting dually 
barcoded AAV plasmid libraries p146 and p149–p154 with NotI-HF and 
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MluI-HF (New England Biolabs, using 2 μg of starting material, 37 °C, 
1 h). The released the barcoded inserts (881 bp for p146, ~2.3 kb for 
p149–p154) were then size-selected on agarose (Zymoclean gel purifica-
tion), pooled and submitted to Plasmidsaurus for a custom long-read 
project (project 8Y6YSQ.1; target: 3 million reads, recovery: 2.6 million 
reads). PCR-free libraries of AAV-packaged DNA were sequenced using 
the AAV service from Plasmidsaurus (project RP88L6).

To generate libraries of barcoded insert by PCR from the 
AAV-packaged DNA, we first extracted DNA by performing protein-
ase K treatment (3 μl of crude AAV prep, 6 μl of 10 mM Tris 8, 1 μl of 
proteinase K (Thermo Scientific, EO0491), 60 min at 50 °C, 5 min at 
70 °C and then placed on ice), followed by phenol–chloroform extrac-
tion (adding 190 μl of 10 mM Tris 8, adding 200 μl of phenol–chlo-
roform–isoamyl alcohol (Invitrogen, 15593-031), vortexing for 30 s, 
spinning at 16,000g at room temperature for 5 min and taking aque-
ous layer) and isopropanol precipitation (adding 1 μl of glycoblue, 
50 μl of sodium acetate 3 M and 250 μl of isopropanol 100%, vortexing 
for 45 min at −80 °C and 45 min at 21,000g at 4 °C, washing with 80% 
ethanol, air-drying the pellet and resuspending in 10 μl of 10 mM Tris 
8). Next, 2 μl of the precipitated DNA was taken as template for PCR 
with primers oJBL949 + oJBL950 (Kapa Robust HotStart Ready mix 
(Roche), annealing temperature: 60 °C, elongation time: 2 min 30 s) 
and tracked by qPCR (SYBr green). PCR libraries were generated from 
all samples packaged with the PHP.eB serotype in standard (nonsparse) 
packaging conditions (that is, samples 1–6; Supplementary Fig. 2f). 
Two separate reactions per sample (reaction 1: volume 20 μl, 16 cycles; 
reaction 2: volume 50 μl, 17–20 cycles) were pooled before submission. 
Of note, we tested the importance of adding a DNase treatment step 
by performing qPCR with primers targeting the insert between the 
AAV ITRs (oJBL905 + oJBL906) versus a sequence on the ampicillin 
cassette in the backbone (oJBL097 + oJBL098) comparing with and 
without DNase treatment before proteinase K treatment but saw no 
difference (>30-fold lower backbone material relative to cargo), likely 
because of the Benzonase treatment already having degraded the 
nonencapsidated DNA. PCR libraries from plasmids were prepared 
from 1 ng of template (with quantification possibly confounded by 
genomic DNA carryover) and reactions were stopped at 18 cycles (start-
ing input material calibrated to still be in exponential phase before the 
inflection point). Plasmid-templated samples also included the paren-
tal p146 (which was pooled at 0.1-fold stoichiometry of other larger 
inserts to mitigate ONT size biases). In both plasmid-templated and 
AAV-templated conditions, PCR reactions were cleaned up with 0.4× 
AMPure clean, leaving predominantly >2-kb products (that is, largely 
excluding p153×-short and p153×-mid samples; Supplementary Fig. 4g). 
Two samples corresponding to pooled products (AAV pool sam-
ple 1, plasmid pool sample 2) were submitted to Plasmidsaurus for 
long-read sequencing (custom project DXYB6C, target reads: 1 million 
per sample).

Detailed methods on the computational pipeline to process the 
long-read data are provided in the Supplementary Methods.

PacBio AAV library preparation and sequencing
To generate libraries derived from AAV encapsidated DNA for PacBio 
sequencing, we adapted the protocol from Zhang et al.21 to reduce the 
number of gel extractions to improve yield and possibly reduce biases 
in subgenomic fragments. First, encapsidated DNA was purified using 
the Purelink Viral RNA/DNA mini kit (Invitrogen). Briefly, 50 μl of crude 
viral preparation (approximately 7 × 1011 viral genomes) was treated 
with 20 U of DNase 1 (Thermo, PI89836) at 37 °C for 30 min in a 200-μl 
total reaction. The DNase-treated encapsidated DNA was then treated 
for 15 min at 56 °C with 25 μl of proteinase K (Thermo, 4333793) in a total 
reaction volume of 425 μl (reaction including 5.6 μg of carrier RNA). 
The DNA was then purified using the column following the instructions 
and eluted in 50 μl. Polymerase Bst2 (New England Biolabs) was then 
used to perform double-stranding primed by the 3′ end of the AAV ITR. 

Specifically, 20 μl of purified DNA was mixed with 10 μl of 10x buffer, 
6 μl of 100 mM MgSO4 and 45 μl of water, heated for 5 min at 95 °C and 
then placed on ice for 10 min. Then, 14 μl of 10 mM dNTPs were added, 
together with 4 μl of Bst2 polymerase and 1 μl of BSA (10 mg ml−1), 
and the mixture was incubated at 50 °C for 60 min. For PacBio library 
preparation, the SMRTbell prep kit 3.0 was used. Specifically, the Bst2 
reaction was cleaned up with SMRTbell cleanup beads at 1.3× and eluted 
in 46 μl. After extraction and double-stranding, concentration was 
assessed by Qbit and integrity spot-checked with the Agilent TapeSta-
tion. End repair and poly(A) tailing was performed by adding 14 μl of 
the repair master mix (8 μl of repair buffer, 4 μl of end repair mix, 2 μl 
of DNA repair mix) and treated at 37 °C for 30 min and 65 °C for 5 min, 
followed by a hold at 4 °C. Next, 4 μl of SMRTbell barcoded adaptprs 
3.0 were then added to the reaction from the previous step, together 
with 31 μl of ligation master mix (30 μl of ligation mix, 1 μl of ligation 
enhancer) and incubated for 30 min at 20 °C, followed by a hold at 
4 °C. The resulting ligated samples were cleaned with 1.3× SMRTbell 
cleanup beads and eluted in 40 μl. The ligated DNA was then treated 
with nuclease by adding 10 μl of master mix (5 μl of nuclease buffer, 5 μl 
of nuclease mix) and incubated for 15 min at 37 °C, followed by a hold at 
4 °C. The sample was then purified with 1.3× SMRTbell cleanup beads 
and eluted in 12 μl. Libraries were pooled and loaded on the PacBio Vega 
at 0.25 ng μl−1 (loading at a higher concentration would have increased 
the number of reads). The sequencing was run with application type 
‘viral sequencing/AAV’, leading to modified adaptor calling (to allow 
for the capture of scAAV-like molecules).

Detailed methods on the computational pipeline to process the 
long-read data are provided in the Supplementary Methods. The associ-
ated pseudocode is provided in Supplementary Note 2.

Input plasmid dosage experiment
To assess the importance of input rAAV plasmid dosage on the chimer-
ism phenomenon, we packaged the library p151:mid-hom as described 
above, but at four different doses per 15-cm plate of producing cells: 
15 μg, 1.5 μg, 150 ng and 15 ng. The amount of DNA transfected was 
kept constant by compensating with the same ITR-free carrier plasmid 
(AiP12481, pCDNA3.1-CMV-empty-IRES2-mTFP1-BGHpA) as before. As 
a control, p152:mid-nonhom was also packaged a second time at the 
15-μg dose. Analysis of the ONT data proceeded as described above with 
the same quality control filters. Metrics for these data are presented 
in Supplementary Fig. 3.

Statistical testing (bootstrap FDR)
To provide estimates of significance from counting noise (some 
AAV samples had relatively few reads passing quality control filters; 
Supplementary Fig. 2f), bootstrap resampling was performed to gen-
erate ensemble estimates of concordant barcode pairs. To compare 
two samples (for example, p149:AAV versus p150:AAV in Fig. 1c), n = 105 
bootstrap resamplings were performed. In this case, the bootstrap FDR 
was taken as the fraction of resamplings in which sample p149:AAV 
had a higher bootstrap concordant pair fraction than the p150:AAV 
resampling, etc.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All scripts used to analyze the data, plasmid maps and amplicon files 
(for p146 BC pair dictionary generation and AAV-scQer constructs) are 
available from Zenodo (https://doi.org/10.5281/zenodo.14515776)70. 
Raw short-read (p146 barcode dictionary generation, AAV-scQer 
oBC-CRE-mBC dictionary generation) and long-read (ONT and PacBio 
for barcode swap assessment) sequencing data are available from the 
Gene Expression Omnibus (GEO) under accession code GSE284548. 
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A list of processed files available on GEO with a brief description is 
provided in the Supplementary Information. Source data are provided 
with this paper.

Code availability
Custom code used in analyzing the data in this study is available from 
Zenodo (https://doi.org/10.5281/zenodo.14515776)70.
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Extended Data Fig. 1 | Barcode pairs AAV constructs and cloning strategy.  
(a) Schematic of components of plasmid AiP11839 (Addgene#163509) between 
the AAV2 ITRs. Segments under the map highlight constant regions (cloned by 
PCR) used both as homologous library inserts (blue) and filler sequences to fix 
the ITR-to-ITR length (white). These segments are shown panel c below. Positions 
of PacI and BbsI restriction sites are marked by green carets, NotI and MluI sites 
by pale blue carets. (b) Molecular cloning scheme used. First complex BC1-BC2 
parental dock with GFP stuffer p146 was cloned, and served as template for 
cloning secondary docks p147 and p148 with filler sequences. Complex library 
p146 was used as template for barcode dictionary generation. All parental docks 
were digested with SapI to liberate the GFP, which was replaced by respective 

internally indexed inserts to generate the final series p149-p154 (which were all 
bottlenecked to a target of 20k transformants). (c) At scale schematics of ITR-to-
ITR components of cloned parental and insert-containing libraries. Position of 
SapI restriction sites are marked by pale red carets, BglII and PmlI sites by grey 
carets. (d) Sequences surrounding the two barcodes highlighting alignment 
signposts (yellow) used to create local position reference frames around 
barcodes in the long-read data. The ‘Insert index’ is shown as Ns, but is fixed and 
different for each type of insert (not degenerate). Constant Nextera handles 
between the barcodes (which constitute short homologous regions even in the 
non-homologous libraries) are shown.

http://www.nature.com/naturebiotechnology


Nature Biotechnology

Brief Communication https://doi.org/10.1038/s41587-026-03097-1

Extended Data Fig. 2 | Barcode pairs dictionary generation with paired-end 
short read sequencing. (a) Schematic of procedure to generate the BC1-BC2 
pairs dictionary. Parental plasmid dock p146 was used as template for PCR 
(primers o945 + o946v2) to append Illumina P5 and P7 handles, and sequenced 
on NS2000 with paired-end sequencing to retrieve barcode pair representation. 
(b) Top: Table of number of barcodes and reads for the different categories shown 
in panel c. Bottom: Table of number of barcode pairs, reads, and proportion 
displaying retention at every filtering step (i.e., both barcodes present in the well-
represented set and uniquely paired [>99% reads] with a single other barcode). 
(c) Read count distribution by summing only on respective barcodes (not pairs) 

for BC1 (left) and BC2 (right). Dashed lines indicate cut-offs used for the mid- 
and high-counts classes of BCs. (d) Two-dimensional distributions showing the 
proportion of reads to the BC arising from the pair on y-axis (BC1 left panel, BC2 
right panel) vs. the total read count to the given pair (x-axis). Retained pairs are 
within the green boundary (>5 reads and >99% unique proportion). (e) Similar 
to panel d, but now showing unique pairing proportions for BC1 (y-axis) vs. BC2 
(x-axis) as a two-dimensional histogram. Retained pairs are in the top right corner 
within the green boundaries (i.e., BC1-BC2 pairs showing >99% uniqueness of 
read mapping to both barcodes). Marginalized histograms for BC1 and BC2 are 
shown on right and top respectively.
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Extended Data Fig. 3 | AAV packaging chimerism occurs for different 
serotypes. Quantification of the fraction of discordant barcode pairs as a 
function of the full-length BC-to-BC average size. Library p153× (homologous 
harbouring short, mid, and long inserts) was packaged with AAV2 (losange) 

and PHP.eB (circle). Further, each serotype was packaged at 100% (standard, 
dark blue) and 10% (sparse, green) total dose. With both PHP.eB and AAV2, and 
for the three sizes of inserts, sparse packaging reduces swapping significantly 
(one-sided bootstrap FDR: *<0.005, **<0.0005, ***<10−5) albeit incompletely.
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Extended Data Fig. 4 | Sub-genomic fragments analysis on long-read libraries. 
(a) Cumulative distribution of read size stratified by the number of BC flanking 
signposts (0 to 4, see Extended Data Figure. 1d) mapped on the read (left panel, 
shades of red color encoding shown in panel g, black line full unstratified read 
length distribution) and by the number of mapped ITRs (right panel, shades 
of blue color encoding shown in panel h, black line full distribution) for library 
p149:short-hom. Dotted vertical lines mark the expected length (ITR-to-ITR) of 
full ssAAV reads and scAAV-like reads. (b) IGV browser visualization of the pile-up 

for the alignment (minimap2) of reads to the p149 plasmid sequence. Annotation 
following Extended Data Figure 1 is shown below the track. (c) Same as (a), but 
with p150:short-non-hom. Panels (d-f): same as (a-b) but with plasmids p151:mid-
hom and p152:mid-non-hom. Different rows correspond to different long-read 
sequencing preparations. The PacBio run was prepared on the same packaged 
AAV particles as the ONT rep1 sample. (g) Table showing read counts per sample 
stratified based on the number of identified BC-flanking signposts. (h) Table 
showing read counts per sample stratified based on the number of mapped ITRs.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Quality control and details of PacBio sequencing of BC1-
BC2 constructs. (a) Schematic of the molecular and processing steps for the two 
main distinct classes of molecular species observed in the data. Bst2 extension 
leads to scAAV-like species with one strand replicated by priming from the free 
3’ end of the ITR. A single SMRT-bell is ligated at the free double stranded DNA 
end. The second class results from annealing of the two strands of ssAAV species, 
and SMRT-bells are ligated at both ends. (b) Cumulative distribution of read 
lengths, showing discrete populations at the expected sizes for ssAAV (anneal 
class) and scAAV-like (Bst2 extension class). Snapback molecules putatively due 
to the Nextera Tn5 mosaic end hairpin are also indicated. A population of more 
heterogenous snapback events not fully characterized in p152:mid-non-hom is 
indicated by a *. (c) Table quantifying the reads in the different size categories 
shown in the cumulative distribution of panel b. (d) Pile-up IGV visualization of 
the alignment (minimap2) of the p151:mid-hom reads from the ssAAV (left) and 
scAAV-like (right) size range, supporting our interpretation. The excess signal in 
the central ITR for the scAAV-like pile-up comes from the difficulty of minimap2 
to deal with long reverse complementary sequences (randomly assigned read 
to one of the two ITR-to-ITR intervals). (e) Same as panel d, but for the putative 
snapback fragments. The snapback redirection event corresponds to the 
position of the Tn5 mosaic end hairpin, see panel m. (f-g) Read attrition for the 
different filtering steps applied for the ssAAV reads (f) and scAAV-like reads (g) 

species respectively. Notably, only the reads within the size ranges indicated in 
panel b are used as starting points for this analysis (p151:mid-hom ssAAV 2350-
2650 bp, scAAV-like 4750-5000 bp; p152:mid-non-hom ssAAV 2300-2700 bp, 
scAAV-like 4750-5200 bp). (h-i) Comparisons of concordance of BC1-BC1 
and BC2-BC2 (not BC1-BC2 swaps) from different parts of the reads/different 
orientation to support interpretation of molecular species for ssAAV reads (h) 
and scAAV-like reads (i). ssAAV are expected to have predominantly different 
BC1s and BC2s on forward and reverse reads if originating from annealing of 
distinct molecules. scAAV-like particles should have identifiable BC1/BC2s on 
both left and right halves of their reads, with matched respective BC1 & BC2s if 
originating from a single Bst2 extension event. Quantifications align with these 
expectations. Read counts are stratified by CCS orientation. (k-l) Quantification 
of the fraction of discordant BC1-BC2 pairs indicative of chimerism for ssAAV 
(k) and scAAV-like reads (l). These quantifications are reproduced in Fig. 2b. (m) 
Schematic of the snapback molecule with zoomed in view of the Nextera R1 and 
R2 handles flanking the insert. The Tn5 mosaic end putatively leading to the 
snapback-causing hairpin is marked in red. The two instances of BC2 in these 
snapback reads were compared (after placing on the same strand). Table on the 
right shows attrition QC table for these species (using as starting point: reads 
within range 3800-3900 bp for p151:mid-hom and 3800-4000 bp for p152:mid-
non-hom).
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